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[1] Low-angle normal faults play a prominent role in discussions about fault strength, as they require sig-
nificant weakening to remain active at low angles. The submerged Moresby Seamount detachment
(MSD) is arguably the best exposed active low-angle detachment worldwide. We analyzed dredged MSD
protoliths, cataclasites and mylonites to investigate deformation mechanisms and fault-weakening pro-
cesses. Deformation is accompanied by important syntectonic, fluid-induced mass transfer, controlling
the rheological behavior of the MSD. While the mafic protolith behaves brittlely at the onset of deforma-
tion, the metasomatic mineralogical and chemical changes cause a transition to plastic flow as the rock is
progressively exhumed. Immobile elements provide a reference frame for total material gains and losses.
Si, Ca and K are syntectonically enriched, while Fe, Ti, Mg, and Al are depleted. Mass increase is about
10% in the cataclasites and about 48% in the mylonites. Main mechanism is syntectonic veining, causing
enrichment in calcite and quartz, thus making the mylonites capable to flow plastically. Minimum time-
integrated fluid flux is calculated as 3  105 m3 m2, indicating that the MSD is an important fluid con-
duit. The fluids have a deep crustal source, a bottom water temperature and turbidity anomaly suggests
that the hydrothermal system is still active. Syntectonic veining in fault rocks and recent seismic activity
both suggest that the MSD is intermittently brittle, implying a brittle-plastic transition at unusually high
temperature and low differential stress. We conclude that fault zone metasomatism is crucial in forming
weak detachments at passive margins, and may be a prerequisite for successful crustal breakup.
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1. Introduction
[2] Faults as strain localizing zones are by defini-
tion weaker than the non-faulted surrounding rocks.
The question “How weak”? has motivated innu-
merable studies over decades of years [e.g., Scholz,
1998; Axen, 1999; Zoback, 2000]. While most
experimental studies support the notion of relatively
strong fault zones [e.g., Byerlee, 1978], many field
observations indicate low fault strength [e.g.,
Zoback, 2000; Gueydan et al., 2003]. Low-angle
detachment faults [Axen, 2004; Collettini, 2011] are
particularly important in the discussions of fault
strength, as these require operation at low differen-
tial stress and resolved shear stress. Low-angle
detachments are documented in much of the geo-
logic record [e.g., Froitzheim and Eberli, 1990;
Holm and Lux, 1996; Axen, 1999], in extensional
and compressive continental tectonic settings [e.g.,
Behrmann, 1988; Burchfiel et al., 1992], and at
slow-spreading mid-ocean ridges [e.g., Tucholke
et al., 1998]. However, more than two decades of
debate have not led to a consensus about how initial
weakening and sustained operation of detachment
faults occurs. To date almost all studies focusing on
the petrographic record of weakening processes are
on exposed fossil continental examples, but in
recent years new insights have arisen from studying
detachments at mid-ocean ridges and offshore rift-
ing scenarios [e.g., Smith et al., 2006; Garcés and
Gee, 2007; Tani et al., 2011; Speckbacher et al.,
2011], where tectonic structures and evolution is
young or still active (thus simpler).
[3] The lateral variation from active continental
rifting to seafloor spreading makes the western
Woodlark Basin (Figure 1) one of the best studied
regions to examine the process of lithospheric exten-
sion [e.g., Weissel et al., 1982; Mutter et al., 1996;
Abers et al., 1997;Goodliffe et al., 1997; Taylor et al.,
1995, 1999; Goodliffe and Taylor, 2007]. The Mor-
esby Seamount detachment (MSD) offshore Papua
NewGuinea (Figures 2 and 3) is a prime example of a
low-angle detachment fault [Taylor et al., 1999;
Axen, 2004; Speckbacher et al., 2011] as it represents
one of the very few places on Earth where seismically
active low-angle normal faulting has been identified
[Abers et al., 1997].
[4] In the Woodlark Basin abundant effusive mag-
matism and extensional faulting occur simulta-
neously, suggesting very low faulting stress levels.
Slip on the MSD requires either low apparent fault
friction relative to laboratory values [e.g., Marone
and Cox, 1994], or rotation of the stress field
around the fault. There is little support for the latter
hypothesis [Reynolds and Lister, 1987; Axen and
Selverstone, 1994], as near-surface parts of faults
are subjected to principal stresses oriented either
horizontally or vertically. Therefore, the MSD must
be weakly coupled, either due to high fluid pres-
sures or low-friction fault zone materials, or both.
[5] Because of the excellent exposure of unde-
formed protoliths, altered and sheared rocks at the
seafloor, the documented seismicity at depth [Abers
et al., 1997], and hydrothermal activity [Kopf et al.,
2003; Speckbacher et al., 2011] the MSD is a prime
candidate to study the effects of chemical and
microstructural changes in rocks induced by shear-
ing. Here, we present data from samples collected
on the surface of the MSD and in its vicinity during
cruise SO203 [Devey, 2009] of the R/V Sonne. The
sampled suite of rocks comprises undeformed mafic
protoliths, cataclasites and mylonites. Based on
microstructural observations, we find that (1) plastic
deformation of the mylonites occurred after intense
metasomatic alteration of the initially brittle proto-
liths and (2) that fluid-governed addition of material
occurred through repeated syn-kinematic stress-
driven fluid-rock interactions. The latter implies
repeated, pore pressure induced embrittlement of the
otherwise ductile fault rock. We give an account of
the chemical changes to the Moresby Seamount
protolith induced during fracturing, cataclasis, and
plastic mylonitization, and then focus on quantify-
ing chemical flux and the source of fluids. We also
document the changes in mineralogy and micro-
structure that go along with chemical change, and
discuss the consequences for shear zone strength
and deformation mechanisms. Our aim is to show
how metasomatic changes can weaken fault rocks,
lead to strain localization, and the sustained opera-
tion of shear zones under low flow stresses includ-
ing a low-stress brittle-plastic transition.
2. Tectonic Setting
2.1. Woodlark Rift
[6] The Woodlark Rift (Papua New Guinea), the
Gulf of Aden (Red Sea) and the Laptev Sea (Arctic
Ocean) are tectonic settings where an active mid-
ocean ridge terminates along strike into an area of
continental rifting [e.g., Van Wijk and Blackman,
2005; Little et al., 2007]. Today the westward
propagating tip zone of theWoodlark Rift (Figure 1)
is extending thickened crust of the Papuan Penin-
sula. During the opening of the Coral Sea in the
Paleocene, the Papuan Peninsula developed as a
crustal fragment detached from the Australian plate
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[Weissel and Watts, 1979]. The architecture of this
crust was shaped during underthrusting beneath the
Dabi volcanic arc complex in the Eocene, resulting
in the metamorphism of the Owen-Stanley meta-
morphics and juxtaposition of metamorphics and
Papuan Ultramafic Belt (PUB) ophiolites [Davies,
1971; Davies and Jaques, 1984; Davies and Warren,
1988]. Earlier, northward subduction had ceased,
and in the Paleocene (58 Ma) the ophiolites were
obducted southward over the Owen-Stanley meta-
morphics [Lus et al., 2004]. The PUB represents
oceanic lithosphere formed in fore-arc or back-arc
basins and then emplaced during arc-continent col-
lision [Baldwin et al., 2012, and references therein].
The Late Cretaceous to Early Paleocene PUB is
exposed onshore as 16–21 km thick unit in the
hanging wall of the Owen Stanley fault zone
(Figure 1) [Davies, 1971;Davies and Jaques, 1984].
The extension of the PUB to the southeast stays
debated since only the Moresby Seamount is well
dated [Baldwin et al., 2012]. There, crustal exten-
sion is accommodated along the MSD within latest
Cretaceous to early Paleocene (66 Ma) ophiolites
[Monteleone et al., 2001]. These ages are contem-
poraneous with the various ophiolite-like fragments
in the PUB, however, mafic rocks drilled from
Moresby Seamount ODP sites are geochemically
diverse from the PUB [Brooks and Tegner, 2001].
Yet, the wide range of geochemical data may be
explained by formation of the PUB in fore-arc or
back-arc basins of a supra-subduction zone [e.g.,
Stern, 2004]. A tectonic setting facilitating the wide
range of geochemical signatures (fore-arc, back-arc,
islands arc and NMORB) recorded in ophiolitic
fragments outcropping on the Papua New Guinea
Island and the Woodlark Basin.
[7] Seafloor spreading began 6 Ma ago (Figure 1)
(chron 3A.1) in the easternmost Woodlark Basin
[Taylor et al., 1999] propagating westward, although
extension started synchronously along the entire
length of individual spreading segments [Goodliffe
et al., 1997]. Rifting at a rate of 20–40 mm yr1
has produced 100–200 km of extension along the
modern spreading axis and has split the Papuan
Figure 1. Tectonic and geologic map of southeast Papua New Guinea (adapted by permission from Macmillan
Publishers Ltd [Baldwin et al., 2004]), including magnetic anomalies [Taylor et al., 1999]. Poles of WLK-AUS rota-
tion for 3.6–0.5 Ma [Taylor et al., 1999] and GPS-derived pole of present-day WLK-AUS rotation [Wallace et al.,
2004] are shown. Background is shaded Digital Elevation Model from GeoMapApp (http://www.GeoMapApp.org).
Inset [after Baldwin et al., 2004] shows microplates of Australian-Pacific plate boundary zone: NBP, North Bismarck
Plate; SBP, South Bismarck Plate; WLK, Woodlark Plate; AUS, Australian Plate; PAC, Pacific Plate; OJP, Ontong-
Java Plateau. Red arrows indicate present-day plate motion vectors of the Woodlark Plate relative to the Australian
[Wallace et al., 2004]. DD, Dayman dome; MS, Moresby Seamount; HP, Huon peninsula. PUB, Papuan Ultramafic
Belt; GS, greenschist facies; BS, blueschist facies; EC, eclogite facies; AM, amphibolite facies.
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Figure 2. (a) Bathymetric map of Moresby Seamount and the transition from rifting to seafloor spreading, generated
from R/V Sonne 203 multibeam echosounder data (resolution of 25 m). The Moresby Seamount detachment (MSD)
outcrops on the northern slopes of Moresby Seamount. The youngest spreading axis segment (Segment 1A [Goodliffe
and Taylor, 2007]) lies immediately east of Moresby Seamount. Cheshire Seamount is a submarine volcano at the
eastern end of segment 1A. White lines indicate traces of the seismic profiles shown in Figure 3. (b) High resolution
map of the MSD from autonomous underwater vehicle (AUV) bathymetry (resolution of 2 m [Speckbacher et al.,
2011]). Blue lines indicate domain boundaries; lowermost blue line also marks trace of strike-slip fault. Positions
and run length of dredge stations relevant for this study and position of ODP site 1117. (c) Interpreted cross section
(A-A′) through the MSD and position of the projected ODP Site 1117. See text for discussion. (d) Compiled litho-
log representation of ODP Site 1117, modified from Kopf et al. [2003]. Note the consensus of the structural window
in the lower rugged area and gabbro recovery in the lowermost part of ODP Site 1117.
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paleo-peninsula to form the Woodlark and Pock-
lington Rises as riftedmargins. Geodetic data suggest
recent rates about 30% slower [Wallace et al., 2004],
in response to reorganization in spreading kinematics
500 ka ago (see Figure 1) [Goodliffe et al., 1997].
2.2. Moresby Seamount
[8] Moresby Seamount at 949′S/15535′E is located
east of the D’Entrecasteaux Islands (Figures 1 and 2),
an east-west trending series of physiographic highs
consisting of metamorphic core complexes of Neo-
gene age. These have accommodated much of the
continental extension, have led to rapid unroofing
of high-grade metamorphic rocks from >10 kbar
(35 km) and 570–730C to the subsurface, and are
still actively uplifting [Hill et al., 1992; Baldwin
et al., 1993; Little et al., 2011]. Multichannel seis-
mic profiles across Moresby Seamount (Figure 3)
reveal a northward-dipping normal fault that main-
tains a dip of30 to about 9 km depth [Mutter et al.,
1996], and is known to generate large earthquakes
Figure 3. (a) Six-channel seismic (SCS) line MW9304–50 across Moresby Seamount and (b) multichannel seismic
(MCS) line EW9910–11 across the Moresby Seamount detachment (MSD) to the west of the rifting–spreading tran-
sition (both after Goodliffe and Taylor [2007]). The location of the seismic lines is marked in Figure 2. In Figure 3a,
SCS line MW9304–50 shows Moresby Seamount as a highly asymmetric horst. The basin in the south (South Mor-
esby Graben) is a more or less symmetric Graben structure while the basin to the north (North Moresby Graben) is
bounded by a single, north-dipping detachment fault (MSD) which is exposed on the northern slope of Moresby Sea-
mount. ODP Site 1118 is projected from its true location 1.5 km to the east. ODP Site 1117 is projected from its true
location 0.7 km to the west. In Figure 3b, the MCS line EW9910–11 images in detail the low angle MSD and the high-
angle, antithetic faults bounding the halfgraben in the north. The MSD is seismically active and earthquake focal
mechanisms indicate a normal sense of motion consistent with the view that the footwall of the MSD represents a
block of exhumed deeper crust [Abers et al., 1997]. See text for discussion.
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(Mw  6.2; all events are less than 10 km deep and
most are within about 5–6 km of the seafloor, see
Abers et al. [1997] for details). Faulting and uplift at
Moresby Seamount are estimated to have begun
within the last 3.5Ma based on the first occurrence of
fault rock talus found in the hanging wall block at
ODP Site 1108 [Taylor et al., 1999]. The northern
flank of Moresby Seamount corresponds to the scarp
of the normal fault (Figures 2 and 3). Recent auton-
omous underwater vehicle (AUV) mapping showed
that active deformation at Moresby Seamount is
partitioned into dip-slip normal and sinistral strike-
slip faulting, directly reflecting plate kinematic con-
straints [Speckbacher et al., 2011].
3. Moresby Seamount Detachment
3.1. Fault Zone Description Based on High
Resolution Mapping and ODP Drillsites
[9] During R/V Sonne cruise SO203 [Devey, 2009] a
total of 10 dredge runs (labeled DR below) recovered
rocks of the Moresby Seamount, and AUV high
resolution mapping allowed assessment of the tec-
tonic geomorphology (see Speckbacher et al. [2011]
for details and Figure 2). The upper rugged area
(Figures 2b and 2c; 500–950 mbsl) is made up of
Pliocene–Pleistocene clastic sediments (DR43, ODP
Site 1114. The upper smooth area (Figures 2b and 2c)
is an extremely planar, north-dipping surface between
950 and 1100 mbsl. DR103 recovered only mafic
basement with an intense cataclastic overprint (i.e.,
the cataclasites). We interpret this surface as the
exposed top of the MSD. The upper boundary of
the lower rugged area (Figures 2b and 2c) is a steep
erosional cliff, which cuts a few tens of meters
into the cataclastic surface above. Between 1100
and 2000 mbsl, rough topography is defined by
erosional scarps. Structurally, this area, called lower
rugged area, is a window into the footwall of
the cataclasite-covered surface above. DR42 and
DR105 obtained a mix of cataclasites, mylonites,
and undeformed mafic basement (i.e., the proto-
liths). The lower smooth area (Figures 2b and 2c) is
a planar and structurally smooth surface. DR41
recovered mainly mylonites (and subordinate cata-
clasites), indicating that the surface forms the top
of a ductile mylonite zone. DR39 and DR40 are
arranged in a straight NW-SE striking depression
close to the upper boundary of the lower smooth
area. Here tectonic geomorphology suggests a struc-
tural discontinuity (see Speckbacher et al. [2011] for
details) and relevant rock types are mylonites, pos-
sibly from a slightly deeper structural level, as well as
protolith rocks.
[10] ODP drillsite 1117 (Figures 2c and 2d) recov-
ered talc-chlorite-serpentinite clayey fault gouge in
the uppermost 12 mbsf [Taylor et al., 1999]. The
fault gouge is followed by a 50 m wide section of
very low recovery made up by ultracataclasites and
mylonites, representing plastic and intermittent
brittle deformation [Kopf et al., 2003]. This inten-
sively deformed fault zone horizon, showing both
brittle and plastic deformation, reaches a depth of
ca. 90 mbsf, where slightly deformed to unde-
formed metagabbros become dominant. ODP site
1117 can be projected into the profile shown in
Figure 2c and is in good agreement with our dredge
results and interpretation of the structural window
exposing protoliths in the lower rugged area
(Figure 2c). Since the lower rugged area represents
the same less deformed to undeformed structural
level (dominated by metagabbros) that has been
drilled at the lowermost part of ODP site 1117.
3.2. Protoliths and Fault Rocks Related
to the MSD
[11] The MSD on the N and NNW slopes of Mor-
esby Seamount exposes intensely deformed rocks
(Figure 4). The lithologies involved in faulting are
sedimentary rocks of Pliocene–Pleistocene age and
their substratum, Paleogene or older [Taylor and
Huchon, 2002] mafic basement of the extensive
PUB [Little et al., 2007; Baldwin et al., 2012]. The
basement fault rock data on the protoliths, catacla-
sites and mylonites serve as a framework for the
later discussion on fluid flow and mass transfer
along the MSD.
3.2.1. Protolith
3.2.1.1. Gabbro
[12] The footwall of the MSD consists of greenish-
gray gabbros (Figure 4a) composed of equal amounts
of plagioclase and clinopyroxene (Figure 5a) with
associated dendritic magnetite, ilmenite and minor
xenomorphic quartz. Secondary minerals are chlorite
and epidote. The gabbros show considerable varia-
tions in grain size, from fine grained (0.5–1 mm) to
coarse grained (maximum crystal sizes observed
were 6 mm), and vary from a granular microstruc-
ture to microstructures showing a weak alignment of
plagioclase and clinopyroxene grains. This micro-
structural variation is accompanied by hydrothermal
alteration and changes in mineralogy, with clinopy-
roxene altered to green amphibole and chlorite. The
mineralogy and microstructure of gabbros drilled at
ODP Site 1117 are described as being similar to those
of high-level gabbros occurring in ophiolites [Taylor
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and Huchon, 2002], and are similar to the gabbros
investigated in this study.
3.2.1.2. Dolerite
[13] Dolerite (Figure 5b) was found in DR43 and
DR103 and represents a minority of the recovered
protoliths with respect to the gabbro. Dolerites are
composed of clinopyroxene and partially sausser-
itized plagioclase often inter- or overgrown by den-
dritic magnetite and iron oxides. Clinopyroxene is
sometimes replaced by chlorite. Recovered rock
samples are occasionally moderately altered; all are
fine to medium-grained with ophitic microstructures.
3.2.2. Cataclasite
[14] The transition from the protoliths to intensely
deformed cataclasites is gradational. Cataclasites
display greenschist-grade to sub-greenschist-grade
brittle deformation fabrics, namely multistage
extensional fractures filled with quartz  epidote or
carbonates (Figure 5c). Cataclasite fabrics change
from a fractured and vein-in-host rock fabric to a
cataclastic fabric displaying identifiable protolith
clasts (Figure 5d), with the most deformed parts
showing a very fine-grained ultracataclastic fabric
(Figure 5d). The veins are randomly oriented and
filled with fine- and coarse-grained, newly crystal-
lized minerals. The cataclasites formed by fluid-
assisted fracturing of the protolith (gabbro and
dolerite). Clasts in the cataclasites are exclusively
derived from undeformed and/or fractured proto-
lithic rocks (Figure 5d). Less fractured clasts locally
preserve clinopyroxene and plagioclase, but com-
monly clasts show pervasive alteration of these
minerals to chlorite and epidote, and minor white
mica and calcite. Areas of high strain are charac-
terized by a high matrix to clast ratio, resulting in
ultracataclastic microstructures. The ultracataclastic
matrix comprises fine grained fragments of domi-
nantly chlorite and plagioclase, and minor epidote
and quartz. Transition to semi-ductile fabrics is
recorded in chlorite-rich phyllonites. In these sam-
ples (found in DR103 and DR105), the foliation is
cut by multistage shear bands and plagioclase por-
phyroclasts show incipient dynamic recrystalliza-
tion tails. Undeformed to strongly deformed veins
Figure 4. (a, b, d, and e) Sawcut and (c and f) thin sec-
tion (crossed-polarized transmitted light) photographs of
protolith and fault rocks. Orientation planes are perpen-
dicular to foliation and parallel to lineation. Figure 4a
shows undeformed medium-coarse grained (grain size
1–3 mm) metagabbro (dredge, DR39–6A) with subhe-
dral feldspar and pyroxene. Figure 4b shows chlorite-
rich cataclasite (DR103–1C) that is intensely fractured
and displays grain-size reduction and rotation. Figure 4c
shows faulted and hydrothermally altered chlorite-rich
cataclasite (DR103–1E) with intense fracturing and cal-
cite veining. Dark brown areas define the cataclastic matrix
consisting of retrogressed and now fine grained host rock
and abundant chlorite. Figure 4d shows foliation-parallel
anastomosing hydrofractures with crack-seal structures in
a chlorite-phyllonite (DR105–1A). The crack-seal struc-
tures consist of cyclically grown calcite fibers indicating
intermittent hydraulic fracturing. Figure 4e shows a typical
mylonite sample (DR40–2A). Foliation consists of layers of
quartz, calcite and mafic host rock assemblage. Note the
youngest generation of undeformed fine-grained calcite
veins, crosscutting the foliation at high angles. Figure 4f
shows deformation fabric of fine-grained quartz- and
calcite-rich mylonite (DR41–1B). Bright layers consist
dominantly of quartz and calcite, while the darker, fine-
grained layers and aggregates are formed by chlorite,
quartz, feldspar and mica. Chl m = chlorite matrix,
Qtz = quartz, Cal = calcite.
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of quartz and calcite, with minor chlorite and pyrite
provide the youngest evidence of fluid-rock
interaction.
3.2.3. Mylonite
[15] In the mylonites syntectonically formed quartz
and calcite are dissipated throughout the intensely
foliated rock matrix. Protomylonites still display
rotated clasts of the mafic host rock assemblage
(Figure 5e). Identifiable are fractured pyroxene
(Figure 5f) and plagioclase as well as plastically
deformed layers of quartz and calcite plus minor
chlorite. Protomylonites have sigma clasts, flanking
structures, asymmetric boudinage as well as rotated
and boudinaged quartz and calcite veins. Mylonites
and very fine-grained ultramylonites (Figure 5g),
mostly from the lower part of the MSD (mainly
recovered from DR41, see Figure 2b) contain sig-
nificant amounts of quartz and calcite plus some
chlorite. These mylonites have a tight foliation and
a well developed stretching lineation. Shear sense
indicators are rare, however, dynamically recrys-
tallized quartz grains show shape preferred orien-
tations oblique to the compositional mylonitic
foliation (Figure 5h). Quartz microstructures reveal
subgrain rotation and lower stress (BLG II) [Stipp
et al., 2002] bulging recrystallization (Figure 5h).
Figure 5
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Calcite is arranged in layers of stretched aggregates
(Figures 5h and 6b) and/or disseminated in the
mylonitic matrix (Figure 6c).
3.3. Sample Selection
[16] Sampling the MSD at the seafloor by dredging
[Devey, 2009; Speckbacher et al., 2011] was princi-
pally guided by the results of high-resolution map-
ping with the AUV. Therefore, dredges DR44, DR63
and DR69, outside of the AUV dive (Figure 2a), are
excluded from this study. Even though DR42 and
DR43 are slightly positioned outside, maps of back-
scatter intensity [Devey, 2009] and recovered rocks
provide evidence that these dredges contain rocks of
the MSD. For the dredge runs, the start and end
points are shown in Figure 2b; all dredge runs were
carried out uphill. In Tables 1 and 2 each analyzed
sample shows a number before the hyphen indicating
the dredge run number, whereas the number behind
the hyphen is the particular sample number of the
relevant dredge.
[17] As pointed out by Grant [2005], in carrying
out geochemical mass balance calculations it is
critical to obtain as close an approximation to the
actual protolith as possible. For the MSD we can
use following qualifiers for the classification into
protolith, and fault rocks:
[18] The evaluation of the relevant dredges DR39,
DR40, DR41, DR42, DR43, and DR105 showed a
macroscopically and microscopically very homo-
geneous protolith. Statistics of all recovered dredge
samples along the MSD, indicate that fault rocks
derive from the same type of protolith, since no
other undeformed lithologies were recovered.
[19] The assessment of mineralogy, alteration and
microstructure, as given in section 3.2., suggests
Figure 6. Calcite and quartz veins and their incorporation into the fault rocks. (a) Crosscutting veins of calcite and
minor quartz which are locally stretched out (arrow) as a response to ongoing shearing and foliation formation
(DR103–1C). (b) Vein with elongated and hence sheared calcite grains overprinted by fracturing (DR103–1E). (c) Calcite
grain-size reduction and dissemination (DR103–1E) generated by processes like ongoing cataclasis, plastic shearing and
precipitation during brittle emplacement, leading to further weakening of the fault rocks.
Figure 5. Photomicrographs (all crossed polarizers except Figure 5g) showing protoliths (Figures 5a and 5b) and
progressive development of alteration and deformation microstructures in Moresby Seamount detachment (MSD) fault
rocks. (a) Relatively fresh gabbro (DR43–2B) with plagioclase, clinopyroxene, magnetite, and minor alteration pro-
ducts. Long dimension is 3 mm. (b) Dolerite (DR105–2A) displaying an ophitic texture with coarse grains made up
of large plagioclase laths and smaller already altered pyroxene. Long dimension is 3 mm. (c) Vein-in-host rock fabric
of an altered metagabbro (DR39–6A). Extensional quartz veins document the onset of brittle deformation in the
otherwise undeformed metagabbro. The gabbroic host rock displays alteration of pyroxene to hornblende and
chloritization. Long dimension is 1.5 mm. (d) Metagabbro (DR43–3C) with fine-grained ultracataclastic zone (UCZ,
indicated by dashed yellow line) containing a protolith clast. This fabric documents incipient cataclastic deformation
of the protolith. Long dimension is 6 mm. (e) MSD protomylonite (DR42–3C) showing mafic clasts of cataclastically
faulted protoliths (dashed yellow outlines) indicating that sampled mylonites originated from the gabbroic protolith and
overprint the cataclastic fault rocks. Long dimension is 3 mm. (f) Chlorite and quartz-rich mylonite (DR42–3C) show-
ing a cataclasite clast (dashed yellow outlines) and deformed pyroxenes (arrows), again documenting the progressive
evolution of fault rocks from theMSD protolith. Long dimension is 3 mm. (g) Fine-grained mylonite (DR41–1B) show-
ing chlorite-rich layers (darkish areas) and documenting the importance of infiltrated quartz and calcite causing a strong
mylonitic foliation. Crosscutting calcite veins indicate episodic stress build-up and extensional fracturing. Long dimen-
sion is 6 mm. (h) Deformation microstructure of a quartz mylonite (DR40–2A) infiltrated by some calcite (in layers)
indicative of progressive weakening. Large quartz grains (50–80 mm) formed by subgrain rotation recrystallization
and local bulges and recrystallized grains (arrows) along sutured grain boundaries are indicative of bulging recrystalli-
zation. Long dimension is 1.5 mm. Mag = magnetite, Qtz = quartz, Cal = calcite.
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that the examined fault rocks originate from the
same protolith.
[20] The geologic/tectonic setting of Moresby Sea-
mount is challenging in terms of geological and
structural interpretation. Tectonically the MSD is
often called the last continental fault to develop
before crustal breakup [e.g., Mutter et al., 1996;
Floyd et al., 2001], but ODP drillsites recovered
dolerites and gabbros of latest Cretaceous to early
Paleocene (66 Ma) as remnants of oceanic crust
[Monteleone et al., 2001]. In fact, Moresby Sea-
mount is at the edge of continental lithosphere and
crustal extension is accommodated along the MSD,
whose present normal fault surface is built up by
mafic rocks, likely belonging to the PUB (see
chapter 2.1.). The AUV dive covers more than
2000 m of elevation range of the exposed MSD
surface. This exposure and structural geometry of
the MSD anticipate that dredge runs from the lower
areas and structurally deeper levels of the exposed
fault surface should recover plastically deformed
rocks, whereas the cataclastic rocks should be
recovered from shallower structural levels. The
documented present-day geothermal gradient of
100C/km [Taylor et al., 1999] implies that fault
rocks can now be at the surface that were formed at
temperatures above the brittle-plastic transition.
The non-deformed mafic protolith rocks for the
geochemical mass balance are located in structural
windows exposed by erosional features and/or in
strain enclaves within the shear zone.
4. Methods of Investigation
4.1. Analytical Techniques
[21] Major element analyses were carried out at
AcmeLabs (http://acmelab.com/) using a lithium borate
fusion technique, followed by X-ray fluorescence
analysis. Precision was estimated from duplicate anal-
ysis. Trace elements were determined by ICP-MS
following a lithium metaborate/tetraborate fusion and
nitritic digestion of a 0.2 g sample. Accuracy was
evaluated by comparison with international standards.
A gas pycnometer operated with helium was used to
experimentally determine the densities of rock samples
(see Table 1).
[22] Samples selected for isotope geochemistry
were first crushed to small pieces and then washed
in deionized water. Sr and Nd isotope analyses
were carried out on leached rock chips (2n HCl at
70C for one hour and triple rinsed with ultrapure
water thereafter). Element chromatography fol-
lowed the methods given in Hoernle and Tilton
[1991], and Hoernle et al. [2008]. Sr-Nd isotopic
ratios were measured at GEOMAR on a TRITON
thermal ionization mass spectrometer (TIMS) oper-
ating in static multicollection mode.
[23] Sr and Nd isotopic ratios are mass-bias cor-
rected relative to 86Sr/88Sr = 0.1194 and
146Nd/144Nd = 0.7219, respectively. NBS987 mea-
sured along with the samples gave
87Sr/86Sr = 0.710237  0.000011 (N = 5) and the
sample data is reported to a normalized NBS987
value of 87Sr/86Sr = 0.710250. The in-house Nd
monitor SPEX measured along with the samples
gave 143Nd/144Nd = 0.511694  0.000007 (N = 5)
and sample data is reported to a normalized SPEX
value of 0.511715 which corresponds to a cali-
brated La Jolla-value of 143Nd/144Nd = 0.511850.
4.2. Mass Balance Calculations
[24] The opening of geochemical systems to alter-
ation may lead to mass transfer of specific elements
[Akella, 1966; Gresens, 1967]. Evaluating the chem-
ical gains and losses are fundamental for understand-
ing the associated geological process. As emphasized
by Gresens [1967], data from whole rock chemical
analysis show only relative changes in bulk rock
chemical compositions. To quantify the chemical
gains or losses associated with mass transfer, ele-
mental concentrations in altered rocks have to be
normalized to elements considered immobile during
the alteration of the protolith [Gresens, 1967; Grant,
1986]. Some major elements like Al, Ti and P are
often reported as being immobile. An even better
reference frame may be provided by potentially
immobile trace elements such as Zr, Y and Nb
[Grant, 1986; Marquer and Burkhard, 1992;
Baumgartner and Olsen, 1995]. Many studies pro-
pose immobility of Al and Zr [Selverstone et al.,
1991; Demény et al., 1997; Steyrer and Sturm,
2002], and Ti, Zr, Y and P [O’Hara, 1988; Oliver
et al., 1993]. However, in other cases Al [O’Hara,
Table 2. Sr and Nd Isotopic Data From the Moresby
Seamount Detachmenta
Sample 87Sr/86Sr 2s 143Nd/144Nd 2s ɛ Nd
39-6Bb 0.704866 3 0.512755 3 2.281337
41-3Ab 0.704019 3 0.512902 2 5.148857
103-1Gc 0.704575 3 0.512806 3 3.277752
105-8Ac 0.704763 4 0.512915 2 5.408495
39-4Dd 0.707385 3 0.512594 3 0.849722
40-2Ad 0.707419 3 0.512392 3 4.805925
a2 sigma refers to the last significant digit.
bProtolith.
cCataclasite.
dMylonite.
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1988] and Ti [Selverstone et al., 1991] have been
reported to be mobile in some geologic environments.
This indicates that the relative mobility of elements is
sensitive to fluid composition and the deformational
environment [e.g., Streit and Cox, 1998].
[25] Figure 7 displays analytical data from eight
protolith-, nine cataclasite-, and eleven mylonite-
samples, dredged from the MSD, in isocon dia-
grams [Grant, 1986] to illustrate compositional
changes in the course of cataclasis and/or myloni-
tization. As pointed out by Grant [1986], elements
plotting on a single straight line through the origin
denote elements of equal chemical concentration
ratios in the protolith and the altered rock. Such a
line is called an isocon and is given by the equation
CA ¼ M0=MA C0 ð1Þ
where C is concentration, M is mass; and the O and
A superscripts refer to the original and altered rock,
respectively. A best fit isocon that is consistent with
petrographic observations and the geological pro-
cess involved designates the immobile elements
during alteration. The slope of the isocon reflects
the overall change in mass relative to M0. Elements
plotting above the isocon were gained during
alteration, whereas those plotting below were lost.
The gain or loss of elements can be quantified using
the slope of an isocon (M0/MA). Grant’s [1986]
approach requires that the altered rock originated
from the same protolith. Sampling the MSD at the
seafloor by dredging [Devey, 2009; Speckbacher
et al., 2011] was principally guided by the results
of high-resolution mapping with the AUV. Even
though we have to acknowledge that dredging is
not comparable in spatial resolution to field work
on land, this is the best possible approach to geo-
logical field work under water. The additional
important qualifier for rock types we used is the
absence or presence of deformation and associated
microstructures. It is further critical to cope with
problems regarding the heterogeneity of the proto-
lith. Sampling the altered fault rocks is generally
less problematic [Grant, 2005]. Thus, we intro-
duced homogeneity bars to the isocon plots
(Figures 7 and 9), which were constructed accord-
ing to the method of Steyrer and Sturm [2002]. The
horizontal bars provide direct information of the
protolith compositional range, whereas the vertical
ones represent the spread within the altered rock.
The length of bars (exemplary for the protolith and
horizontal bar, respectively) is given by:
C0max  C0min
∑ni¼1C
0
min
n ð2Þ
where C0max is the highest concentration of original
element concentration C0 (in wt% for major ele-
ments, ppm for trace elements) from the protoliths
(n = 8), C0min is the lowest one, and ∑
n
i¼1C
0
i =n is the
mean value of element C0. For the vertical bar
construction, the relevant variables of CA are
applied in equation (2).
[26] The bar lengths indicate the spread normalized
against the mean values of rock types for each element
in the diagram (Figure 7), allowing direct comparison
of respective elements, independent of their absolute
concentrations [Steyrer and Sturm, 2002]. Further-
more, so-called R values [Kerrich et al., 1980], which
specify the range of values normalized against the
mean value of major and trace elements from chosen
protolith, cataclasite, and mylonite samples are listed
in Table 1. The degree of elemental homogeneity is
determined with the help of such R values, using fol-
lowing classification [Kerrich et al., 1980]:
0 < R ≤ 0:5homogeneous
0 < R ≤ 1:0heterogeneous
1:0 < Rvery heterogeneous
Relative volume changes are given by the volume
factor (FV), which is defined as the ratio of equivalent
rock volumes before and after alteration:
FV ¼ C0i =CAi
  r0=rA  ð3Þ
[Gresens, 1967], whereC0i andC
A
i is the concentration
of immobile element i of original and altered rock,
respectively, and r0, rA are the densities of original
and altered rock. Measured average rock densities
(Table 1) are 3.05, 2.90 and 2.76 g cm3 for protolith,
cataclasite and mylonite, respectively and are in
agreement with known data of ODP Site 1117 [Kopf,
2001]. The relation of material gains ⁄ losses during
rock alteration to associated volume changes are
derived by following equation:
Xn ¼ FV  rA=r0
  CAn  C0n ð4Þ
[Gresens, 1967], that indicates gain or loss for each
element n.
5. Results
5.1. Major and Trace Elements and Mass
Transfer Calculations
[27] The analytical results used in this study are
given in Tables 1 (Major and trace elements, whole
rock) and 2 (Isotope analyses). Isocon plots were
constructed from the major and trace element data
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to depict the chemical transformation from (1)
protolith to cataclasite (Figure 7a) and (2) protolith
to mylonite (Figure 7b). The microstructural
observations (see section 3.2) suggest that the latter
transformation can be considered as a results of
overprinting cataclastic (early) and mylonitic (later)
deformations. We use a reference frame for the
calculation of material gains and losses during
syntectonic alteration as defined by Zr, Hf and P,
which plot on a straight line in Figures 7 and 9 and
are generally considered as immobile.
[28] The R values (Table 1) for the major elements
of the protolith typically vary between 0.08 (Si) and
1.27 (K), while trace elements display homoge-
neous distribution, except for Ba and Rb, which
show maximum values of 1.07 and 1.31, respec-
tively. All R values of the protolith depict a distri-
bution curve with an arithmetic mean of 0.629 and
a standard deviation of 0.317. The elements Si, Al,
Fe, Ca, Mg, Na and Ti are regarded as distributed
relatively homogeneously in the protoliths studied,
while Mn is heterogeneously distributed. Finally, K
concentrations are heterogeneous, this characteris-
tic remains during deformation, thus K is the most
heterogeneously distributed major element in all
types of rock in this study.
[29] The transformation of protolith to cataclasite
(Figure 7a) does not generally lead to large changes
in element concentrations. Elements close to the
isocon correspond to small gains and losses [Grant,
2005]. However, Mg and to a lesser extent Fe and
Mn were syntectonically enriched during cataclasis,
while there is a depletion in K and Na. The gains of
Mg and Fe reflect a mineralogical change during
cataclastic deformation and related metasomatism,
namely the chloritization of pyroxene and amphi-
bole. Observations under the microscope and SEM
also suggest that chlorite replaces plagioclase.
Chloritization, therefore, is not a simple process of
in situ transformation, but rather involves the addi-
tion of other elements, such as Fe. Also the
Figure 7. Isocon diagrams of Moresby Seamount
detachment (MSD) rocks. Concentrations (C) are in wt%
(oxides) or ppm (trace elements) and scaled to fit on the
plot. Labels for oxides are abbreviated to the cation ele-
ments. Solid lines = constant Zr, Hf and P (red symbols)
reference isocon; dashed lines = constant mass reference.
Homogeneity bars provide information about the compo-
sitional range within the particular MSD rock type. Slopes
of isocons deviating from one indicate relative mass
changes in the deformed rock. Data from Table 1. See text
for discussion. (a) Isocon diagram shows the average com-
position of protolith (C0) against the average composition
of cataclasite (CA). (b) Isocon diagram shows the average
composition of protolith (C0) against the average composi-
tion of mylonite (CA). (c) Plot of element concentration in
the cataclasite relative to the protolith. (d) Plot of element
concentration in the mylonite relative to the protolith.
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metasomatic evolution of talc-rich mafic rocks,
which have been recovered at ODP Sites 1108 and
1117 [Taylor et al., 1999], relates to an overall gain
of Mg in these rocks. The gain of Mn, on the other
hand, may be a manifestation of sub-seafloor
hydrothermal vein systems [e.g., Barnicoat and
Bowtell, 1995]. The observed depletions of K and
Na are consistent with the observation that anor-
thoclase and Na-rich feldspar are decomposed dur-
ing alteration, and replaced by more Ca-rich
plagioclase. Loss on ignition (LOI) values are also
increased in cataclasites, reflecting an increase of
hydrous minerals, mainly sheet silicates [e.g.,
Cartwright and Barnicoat, 2003]. Among the trace
elements, Ba, Rb and Sr were depleted during cata-
clastic deformation. The loss of Ba most likely relates
to the alteration and partial breakdown of feldspar. Sr
depletion relates to the alteration of plagioclase and
Rb depletion can be linked to chloritization. The
alterability of depletion in these elements is dependent
on the relative abundances of each of these elements
in the protolith [Clark et al., 2005]. The enrichment of
Zn possibly reflects the evolution of hydrothermal
veining and formation of sulphides during cataclasis.
Generally, the changes of major and trace elements
illustrated in Figure 7a can clearly be related to a
mineralogical evolution expected and observed for the
cataclastic overprint of the mafic protolith, i.e., pro-
cess of chloritization and a general hydration of the
assemblage.
[30] The isocon plot depicting the differences
between the compositions of protolith and mylonite
(Figure 7b) shows much stronger deviations of
individual elements from the isocon than is the case
for the protolith-cataclasite plot (Figure 7a). There
is strong enrichment of Si and Ca in the mylonites.
Both gains represent the multiple generations of
quartz and calcite veins that were infiltrated syn-
tectonically in fractures and microcracks, and then
were involved in plastic deformation. Most of the
calcite and quartz occurs disseminated in the matrix
(Figure 6c) or as stretched stringers and layers
subparallel to the mylonitic foliation (Figure 6b).
The increase of K in the mylonites is related to
hydrothermal activity and is reflected in the growth
of fine-grained muscovite during mylonitization.
The enrichment of Na is associated with pervasive
albitization of plagioclase in the mylonites. Evi-
dence for the process of albitization is provided by
element maps and EDX-analyses of selected thin
sections. Mass losses, particularly the depletion of
Fe, Mg and Al, are consistent with the observation
that clinopyroxene, amphibole and some of the
chlorite are decomposed in the mylonitic and
ultramylonitic rocks. Interestingly, the mylonites are
also depleted in Ti. Ti has been reported as mobile in
certain geologic environments [Selverstone et al.,
1991], and in the present case Ti mobility is obvi-
ously associated with the decomposition of most
ferromagnesian minerals during mylonitization.
LOI values are distinctly higher in the mylonites
than in the cataclasites, reflecting the intense car-
bonation occurring along with the process of high-
strain plastic flow in the MSD. Typically high LOI
values are consistent with volume increases recor-
ded for alteration in shear zones [e.g., Dipple and
Ferry, 1992; Cartwright and Buick, 1999]. Among
the trace elements, Rb and Ba behave in the opposite
way if compared to cataclastic deformation, show-
ing strong gains in the mylonites. Both elements
show strong heterogeneity between samples (verti-
cal bars, Figure 7b), reflecting variable degrees of
syntectonic alteration [see also Grant, 2005]. We
interpret these gains as results of fluid infiltration
along mineral grain boundaries, causing hydration
and hydrolysis reactions that redistribute Rb and Ba,
as well as Sr during mylonitization [Beach and Fyfe,
1972; Beach, 1980].
[31] If the described syntectonic geochemical
changes reflect metasomatic interactions of rock
and fluid, then the method of Gresens [1967] can
be used to derive quantitative mass balance rela-
tions between protolith, cataclasite and mylonite.
The calculations are based on the average compo-
sitions of each rock type, the densities, and on
concentration changes of mobile element n, as
determined from equation (4). Results are expres-
sed as weight percent oxides, rather than mineral
percentages. The following two results were cal-
culated for the cataclasites and the mylonites (see
also Figure 8). Each result is relative to 100 g of
unaltered protolith:
100 g protolithþ 0:53 g SiO2  1:27 g Al2O3 þ 1:68 g Fe2O3
 0:78 g CaOþ 2:89 g MgO 0:56 g Na2O 0:28 g K2O
þ 0:02 g MnO 0:11 g TiO2 þ 0:00 g P2O5 þ 7:56 g LOI
¼ 109:69 g cataclasite ð5Þ
100 g protolithþ 34:94 g SiO2 – 5:03 g Al2O3 – 5:83 g Fe2O3
þ 11:80 g CaO – 3:36 g MgOþ 0:11 g Na2Oþ 0:32 g K2O
þ 0:05 g MnO – 0:85 g TiO2 þ 0:02 g P2O5 þ 15:92 g LOI
¼ 148:09 g mylonite ð6Þ
These equations show that strong silicification and
carbonization occurred throughout the MSD pri-
marily during mylonitization, whereas all other
major elements show far less gain or loss relative to
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the protolith (Figure 8). The mass increase occurred
mainly through the addition of vein material in
stages of brittle deformation. The fact that the
mylonites are strongly enriched in silica and cal-
cium carbonate shows that formation of ductile
fault rock (the mylonites) from a mafic protolith
relies on intermittent brittle fracturing and veining
as an important part of the strain accumulating pro-
cess. Introduction of carbonate and quartz, however,
has the effect of weakening the rock and making it
more ductile, allowing for quasi-steady plastic flow
along the MSD.
5.2. Isotope Geochemistry
[32] The ductile part of the MSD represents a shear
zone with mass and volume gain. 100 g of protolith
convert to 148 g of mylonitic fault rock. Generally,
shear zones with such gains are characterized by
high activity of metamorphic fluids that change
chemical and mechanical processes and influence
deformation mechanisms [e.g., Sinha et al., 1986;
Streit and Cox, 1998].
[33] The mobility of rare earth elements (REE)
during hydrothermal fluid-rock interaction has been
widely debated in the literature (see Condie and
Sinha [1996, and references therein] for details). It
seems now accepted that depending on specific
hydrothermal environments during deformation
and metamorphism, even REE can be mobilized.
The mobility of REE during fluid rock interaction is
clearly controlled by the nature of the dominant
fluid source and the related percolating fluid [Streit
and Cox, 1998; Rolland et al., 2003]. Isocon plots
of light rare earth elements (LREE) were con-
structed for the MSD (Figure 9) and show that at
least during mylonitization LREE are mobile
(Figure 9b). The mobility of LREE itself is a strong
argument for vigorous fluid flow along the MSD.
But even more importantly, the obvious mobiliza-
tion of Nd during mylonite formation opens the
possibility to characterize the dominant fluid source
using 87Sr/86Sr and 143Nd/144Nd isotopic ratios.
[34] Data obtained in this study are presented in
Table 2. Sr and Nd isotopic ratios of bulk rock
samples (see Figure 10) can be subdivided into two
isotopic regimes. Protoliths and cataclasites plot
between ɛNd = 5.1 and 2.3 and 87Sr/86Sr ratios ofFigure 8. Plot of gains or losses of major elements
(in g per 100 g) calculated using equation (4) [Gresens,
1967] to derive quantitative mass balance relations
between protolith, cataclasite and mylonite from the
Moresby Seamount detachment. See text for discussion.
Figure 9. Isocon diagrams of light rare earth elements
(LREE). Concentrations (C) are in ppm and scaled to
fit on the plot. (a) LREE behave immobile during the
process of cataclasis while (b) they are obviously mobi-
lized during mylonitization. The mobility of LREE is a
strong argument for intensive fluid flow. See text for
discussion.
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about 0.704–0.705, forming a cluster at the lower
limit of Papuan Arc-type ɛNd values, illustrating the
ophiolitic character of the basement. Metasomatism
in cataclasite samples was insufficient to alter their
isotopic Sr and Nd signature markedly. Data from
the mylonite samples, however, show ɛNd values in
the range of 0.8 and 4.8 as well as a clear rise to
higher 87Sr/86Sr ratios relative to protoliths and
cataclasites (see discussion in section 6.3).
6. Discussion
6.1. Relative Timing of Cataclasis,
Mylonitization and Chemical Alteration
[35] The tectono-metamorphic evolution of the
MSD is related to the unroofing of the mafic foot-
wall protolith during extensional tectonics under
greenschist facies conditions [cf. Taylor et al.,
1999]. Each rock-recovery of dredges shown in
Figure 2b presents evidence for onset of alteration
and deformation of the mafic protolith. Extensive
replacement of clinopyroxene  hornblende + pla-
gioclase by an alteration assemblage along the
MSD are documented by the results of this study.
Such alteration requires influx of externally derived
fluid prior or during brittle and plastic deformation
(see discussion in sections 6.2 and 6.3). Extensional
faulting on Moresby Seamount was initiated by
cataclasis (Figures 4 and 5). Fracture connectivity
due to fault rupture permits fluid infiltration, and
allows grain-size reduction processes to operate.
Cataclastic hardening results in broadening of the
evolving shear zone, and utilization of other pre-
existing joints and with ongoing deformation. As
the volume of permeable cataclasite and the reac-
tive fracture surface in the MSD increases,
enhanced metasomatism leads to intense chloritiza-
tion (Figures 4c and 4d). The development of S-C
fabrics in chlorite-dominated cataclasites/phyllo-
nites emphasizes the role of chemical alteration in
affecting the MSD fault zone rheology, forming
cohesive cataclasites with the observed foliated
fabrics. Foliation-parallel hydrofractures (Figure 4d)
with crack-seal structures [Ramsay, 1980], and more
complex vein networks (Figure 4c) then enable mas-
sive syntectonic infiltration of quartz and calcite
(Figure 6), and loss of clinopyroxene and plagio-
clase within the fault rocks. The enrichment of rhe-
ologically weak quartz and calcite then causes a
transition from cataclastic to plastic flow, and fault
localization (see discussion in sections 6.3 and 6.4).
Evidence for this is that the cataclasites studied
never contain recycled mylonitic clasts. Thus,
intense brittle overprinting of plastic fault rocks
while the footwall was cooling through the brittle-
plastic transition was likely insignificant, or local-
ized in discrete zones of slip. However, crosscutting
calcite veins in the mylonites (Figure 5g) indicate
that plastic deformation was interrupted by episodic
stress build-up and fracture, and these veins are
interpreted as syntectonic with respect to the MSD
faulting. In summary, protoliths and fault rocks
of the MSD record spatial and temporal overlaps of
fluid infiltration, brittle deformation and plastic
deformation, with most of the metasomatic changes
related to mylonite formation and operation.
6.2. Fluid Flux During MSD Evolution
[36] The time-integrated fluid flux [Dipple and
Ferry, 1992] couples fluid flow and chemical
reactions, thus providing a way to interpret geo-
chemical data in terms of fluid sources and flux.
Fluid flux can be derived from the change of con-
centration of elements, their solubilities, and the
geothermal gradient [e.g., Ferry and Dipple, 1991].
In doing so, changes in elemental abundances are
used to calculate the volumes of fluids bringing
about the metasomatic change observed. In large
advection dominated fluid flow systems [Bickle
Figure 10. Sr-Nd isotope diagram for different Mor-
esby Seamount detachment rock types, data see Table 2.
Data for Papua New Guinea (PNG) Arc compiled from
GEOROC database (http://georoc.mpchmainz.gwdg.de),
data for Pacific N-MORB compiled from PetDB data-
base (http://www.petdb.org/). Mantle Reservoirs EM1
after Hofmann [2003] and HIMU after Zindler and Hart
[1986]. Array for Lower Continental Crust (LCC) after
Zartman and Haines [1988]. Seawater alteration and influ-
ence of crustal fluid contamination after Schaltegger et al.
[2002]. See text for discussion.
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and Mckenzie, 1987] where fluid-rock equilibrium
can be assumed and dispersion ignored, the time-
integrated fluid flux is given by:
q ¼ ni
∂Xi=∂Tð Þp dT=dzð Þ þ ∂Xi=∂Pð ÞT dP=dzð Þ
ð7Þ
[Dipple and Ferry, 1992], where ni is the change in
concentration of element i during metasomatism,
∂Xi=∂Tð Þp and ∂Xi=∂Pð ÞT are the temperature and
pressure dependencies of the solubility of element i,
and (dT/dz) and (dP/dz) are the temperature and
pressure gradients along the fluid-flow path,
respectively.
[37] Along the MSD, fault rocks that underwent
mylonitization experienced increases of Si, which
we determine from mass balance equation (6) to be
equal to 34.94 g  100 g1 (Figure 8), or, using the
measured densities, 17736 mol Si m3. For tem-
peratures in the MSD of 300–350C and pressures
of ca. 200 MPa [cf. Famin and Nakashima, 2005]
∂Xi=∂Tð Þp is estimated at 1  105 mol C1
[Fournier and Potter, 1982]. The second term in
the denominator of equation (7) is much less sig-
nificant and may be discounted when calculating
fluid fluxes [cf. Dipple and Ferry, 1992]. At the
onset of detachment operation the temperature
gradient within the fault zone is assumed to be
30C km1 as suggested by ODP Leg 180 heat
flow data from boreholes away from the fault sys-
tem [Taylor et al., 1999]. After detachment opera-
tion and crustal thinning had started, the synrift
geotherm evolved toward the present-day values of
about 100C km1 [Taylor et al., 1999]. This is a
large difference. In practice, however, the temper-
ature gradient is one of the least sensitive para-
meters in the calculations. We here use values of
30C km1 and 100C km1 to provide calculations
for end-member situations, and this range is taken to
reflect a reasonable estimate of the time-integrated
fluid flux through the MSD. Using both geothermal
gradients, time-integrated fluid flux is estimated to
range between 1.77  1010 and 5.91  1010 mol
m2, for geothermal gradients of 100C km1 and
30C km1 respectively. This translates to volumes
of about 3.19  105 m3 m2 related to a 100C
km1 geotherm, and 1.06  106 m3 m2 with ref-
erence to the 30C km1 geotherm at the onset of
rifting. Fluid flow in the MSD is presumed to be
upward and updip. Quartz solubility has been
documented to increase with increasing tempera-
ture; hence the observed SiO2-precipitation in the
MSD is evidence for down-temperature (i.e.,
upward) fluid flow [McCaig, 1997].
[38] Fluid fluxes of the calculated magnitude are
consistent with extreme metasomatism, fall within
the range of values in the literature generally esti-
mated for shear zones (typically 105–106 m3 m2)
[e.g., Selverstone et al., 1991; Dipple and Ferry,
1992; McCaig, 1997; Streit and Cox, 1998;
Cartwright and Buick, 1999], and imply migration
of substantial quantities of externally derived fluid
through the zone of deformation.
6.3. Fluid Source
[39] Extensional detachment faulting is often
accompanied by strong hydrothermal alteration.
However, the source of fluids has been shown to
vary [Fricke et al., 1992; Wickham et al., 1993;
Famin and Nakashima, 2005], being either domi-
nantly surface derived or dominantly metamorphic.
The crosscutting relationships of veins and their
infills in fault rocks of the MSD (Figure 11) show that
the compositions of hydrothermal fluids evolved from
silica-rich to calcite-rich during deformation and
exhumation. According to Famin and Nakashima
[2005], salinities of fluid inclusions related to the
chronologically early stage of faulting in the MSD
are higher than those of more recently trapped fluid
inclusions at shallow depths. Such trends typically
indicate a metamorphic fluid source [Miller et al.,
2002]. Submissive mixing of metamorphic fluids
with surface derived fluids, probably in the younger
exhumation stage, could then explain the low
salinity of the more recent fluid inclusions and the
shift of the vein infills from silica-rich to calcite-rich
(Figure 11) [Famin and Nakashima, 2005].
Figure 11. Element maps of (a) Si and (b) Ca of the
mylonite sample DR41–1B (foliation is running vertical)
showing the characteristic crosscutting relationships of
veins and their infills in Moresby Seamount detachment
(MSD) fault rocks. In Figure 11a, orange and reddish
colors are quartz, greenish and bluish colors are albite.
In Figure 11b, reddish colors are calcite. Figures 11a
and 11b document the evolution of hydrothermal fluids
from silicia-rich to calcite-rich composition during defor-
mation and exhumation of the MSD.
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[40] Our Sr and Nd isotope data (Figure 10) show a
shift of the Nd isotopic ratios to lower values as
well as a clear rise to higher 87Sr/86Sr ratios for the
mylonitic samples. The strongly increasing Sr iso-
topic ratios of the mylonites appear to indicate
seawater alteration. However, seawater alteration
would occur at near constant Nd isotopic compo-
sitions [Schaltegger et al., 2002]. We propose that
the high 87Sr/86Sr ratios and the lower Nd isotopic
ratios are better explained by crustal contamination,
and we interpret this shift as being caused by cir-
culation of metamorphic fluids from the lower crust
during detachment activity. The MSD experiences
a down-temperature flow from depth, resulting
from dehydration and decarbonation of metamor-
phic lower crust. We also interpret negative d13C
and d18O isotopic ratios in Figure 12 [cf. Kopf
et al., 2003] to result from metamorphic fluids
released at depth. All shown C and O isotope sig-
natures are from fault rock calcite vein cements of
ODP Leg 180 cores [Kopf et al., 2003]. Further
away from fault zones the protolithic rocks, mainly
gabbros, show the highest d18O ratios (Figure 12),
which suggests that fluid flow was less efficient
with increasing distance from the fault zones [Kopf
et al., 2003].
[41] We interpret all data and observations
described above as reflecting a dominant crustal
fluid source. As argued below the ingress of
metamorphic fluids strongly influences the defor-
mation mechanisms in the ductile MSD mylonites.
Fluid inclusions in vein infills of the MSD fault
rocks [Famin and Nakashima, 2005] suggest a
circulation of surface-derived fluids that penetrate
only a short distance along the MSD, where they
mix with upward moving metamorphic fluids.
Mixing of both fluid types is quite common in
extensional tectonic settings [McCaig, 1997], and
the MSD provides further evidence for this type of
fluid signature.
6.4. How Important Is Metasomatism
for Fault Zone Weakening?
[42] Many experimental studies indicate that conti-
nental lithosphere is too strong to be parted by plate
tectonic forces, if brittle rupture with a stress
according to Byerlee’s Law is to occur in typical
crustal rocks. Yet geological evidence suggests that
detachment faults in rifts are weak and can thus
operate under low differential stresses. Explanations
for fault weakness include the presence of a weak
mineral assemblage [e.g., Shimamoto and Logan,
1981; Chester and Logan, 1986; Rutter et al., 1986;
Moore and Rymer, 2007] and/or high fluid pressures
within the fault core [e.g., Blanpied et al., 1992; Rice,
1992]. Weak phyllosilicates (e.g., smectite, chlorite
and talc) are important in localizing shear and
focusing fluid flow along detachments faults [e.g.,
Boschi et al., 2006; Niemeijer and Spiers, 2006].
Brittle fault rocks along the MSD contain abundant
chlorite, which cannot be explained by isochemical
reactions within the mafic host rock. The occurrence
of these phyllosilicates is restricted to Mg-rich rocks
[e.g., Moore and Lockner, 2008], and a typical
example may be the metamorphosed mafic rocks of
the ophiolites that seem to form Moresby Seamount.
The development of phyllosilicate-foliation networks
has been identified as a major fault zone weakening
mechanism [Evans and Chester, 1995; Vrolijk and
Van der Pluijm, 1999; Bos et al., 2000; Jefferies
et al., 2006]. Cleavage-parallel slip in interconnected
chlorite layers of the MSD phyllonites (Figure 4d) is
a likely result of such a weakening process. Simple
hydration of pyroxenes during deformation and ret-
rograde metamorphism yields talc and chlorite
[Moore and Lockner, 2008], however, an extra
source of Si is required for this process. Our mass
transfer calculations (Figure 8 and equations (5)
and (6)) for the MSD demonstrate that Si-saturated
hydrothermal fluids provided the additional Si
needed for weak phyllosilicates to crystallize from
e.g., pyroxene. Thus in theMSD, onemajor fault zone
weakening process is the metasomatic replacement of
Figure 12. C and O stable isotopes diagram (modified
after Kopf et al. [2003], copyright 2003, with permission
from Elsevier) of carbonate vein infills from rocks of the
Moresby Seamount detachment (ODP drillsite 1117) and
one antithetic normal fault (ODP drillsite 1114). Note the
trend toward a high grade metamorphic signature, indicat-
ing a dominant crustal fluid source. See text for discussion.
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strong mafic minerals by weak phyllosilicates, mainly
chlorite.
[43] In a regime of vigorous fluid flow in the MSD,
fluid overpressure may also be a weakening
mechanism. The bottom water anomalies identified
by our AUV survey above the lowermost part of the
detachment surface (see Speckbacher et al. [2011]
for details) indicate that the MSD is still an active
conduit for fluids. Multiple vein generations in the
cataclasites (Figure 4c) indicate a history of high
fluid pressures for the whole period of formation
and operation of the MSD, and foliation-parallel
hydrofractures with crack-seal textures (Figure 4d)
give evidence of their syntectonic cycling.
[44] While high fluid pressures and the presence of
weak minerals, such as phyllosilicates, assist in
creating and maintaining low strength in the brittle
regime, other processes must be in operation to
create the ductile mylonites exhumed today at the
seafloor. These are reminiscent of plastic flow at
greater depth. The key requirement to create
mylonites from a fractured mafic protolith is the
relative enrichment of minerals capable to deform
in a plastic manner at relatively low temperatures,
like calcite or quartz. The mass balance calculations
given above show that mylonitization leads to an
average enrichment of Si (34.94 g) and Ca (11.80 g)
(with respect to 100 g of protolith, see also Figure 8).
This syntectonic enrichment brings about a major
change in mineralogy of the fault rocks, enabling the
fault rocks to deform plastically above syntectonic
temperatures of 220C (calcite) [cf. Herwegh and
Pfiffner, 2005] or 280  30C (quartz) [cf. Stipp
et al., 2002]. The fresh protolith, rich in plagio-
clase and clinopyroxene, will likely remain brittle
up to at least 450C. The metasomatic addition of
sufficient calcite (Figure 6) and quartz allows the
MSD mylonites to creep plastically at very low dif-
ferential stress [cf. Speckbacher et al., 2011]. In the
quartz microstructure of MSD mylonites (Figure 13)
any evidence for very low temperature bulging recrys-
tallization, the key indicator for a brittle-plastic tran-
sition at high stresses (BLG I of Stipp et al. [2002]), is
lacking. Considering a normal geothermal gradient
of 30C km1, the crustal level where mylonitization
occurs is below 10 km depth at 250–350C. This
may have been the case before mylonitization started
in the MSD. Later, crustal attenuation led to an
increase to about 100C km1 [Taylor and Huchon,
2002]. Hence, during later operation of the MSD,
Moresby Seamount represents the case of a brittle-
Figure 13. Characteristic quartz microstructure that represents the maximum flow stress of the Moresby Seamount
detachment [Speckbacher et al., 2011]. (a and b) Grain boundary maps and related 2D-recrystallized grain size distri-
butions of quartz from two areas of sample DR40–2B. Recrystallized grains were distinguished from porphyroclasts
based on microstructural evidence. The mean recrystallized grain size of 11.3  3.6 mm and 10.9  2.9 mm corre-
sponds to a flow stress (s) of 71 + 25/14 MPa and 73 + 23/10 MPa, respectively, when applying the experimental
piezometer of Stipp and Tullis [2003].
Geochemistry
Geophysics
Geosystems G3 SPECKBACHER ET AL.: FLUID FLOW AND METASOMATISM IN THE MSD 10.1029/2012GC004407
19 of 24
plastic transition and plastic flow at much shallower
crustal levels (about 3 km depth).
6.5. How Can a Fault Be Weak
but Generate Earthquakes?
[45] From the evidence above it can be inferred that
the MSD tends to act as a weak fault, with a rhe-
ology being capable to creep steadily. Yet the low-
angle (30) MSD is known to generate large
(Mw6.2) earthquakes [Abers et al., 1997], a proof
that the fault is not constantly creeping. The co-
existence of relatively low stress mylonites at lower
depth and seismic deformation down to greater
depth reflects an extraordinary rheological situation
caused by the very high geothermal gradient as well
as the quartz and calcite-veining at Moresby Sea-
mount [Speckbacher et al., 2011]. However, this
may have been more common in fossil low-angle
detachment faults worldwide. The low overburden
to such fault systems excludes high differential
stresses. In lower greenschist facies quartz-bearing
rocks, the brittle-plastic transition occurs at a tem-
perature of 280C (see discussion in section 6.4).
Expected dynamically recrystallized grain sizes
would be <5 mm, indicating a differential stress of
200–250 MPa, when applying the piezometer of
Stipp and Tullis [2003] and the Griggs rig correction
of Holyoke and Kronenberg [2010]. These are dif-
ferential stresses way above what is possible in the
MSD covered by, say, three kilometers of overbur-
den. The smallest recrystallized grain sizes observed
in quartz from the MSD (Figure 13), however,
are always >10 mm, relating to a differential stress
of 70 MPa or less [Speckbacher et al., 2011].
Extraordinary high water concentrations, which can
be assumed for the MSD at the calculated high fluid
fluxes, weaken the quartz [Griggs and Blacic, 1965]
but do not affect the piezometric relationship of
quartz [Stipp et al., 2006]. This is about the maxi-
mum differential stress that can be supported in the
MSD and its maximum 3 km overburden without
prompting tensile failure. Hence, these differential
stresses are characteristic of the brittle-plastic tran-
sition in the fault rocks, as demonstrated by the
presence of deformation microstructures indicative
of both, brittle fracture and plastic flow. The brittle-
plastic transition at such low differential stresses is
supposed to be related to very low confining pres-
sures, as predicted by Goetze’s criterion [e.g.,
Kohlstedt et al., 1995], in which differential stress
cannot be higher than the confining pressure to
assure plastic deformation. In this situation changes
in the effective confining pressure are likely
controlled by local short-lived build-ups of high
fluid pressure. Fluid pressure modulations allow for
repeated switches from plastic to brittle behavior.
Hence, this particular fault zone behavior may play
an important role in triggering seismicity on the
MSD, and explains why earthquake-generating
instabilities [Scholz, 1998] (microearthquakes
described by Ferris et al. [2006]) may occur above
temperatures usually associated with the brittle-
plastic transition of quartz and calcite mylonites.
7. Conclusion
[46] We propose an important genetic link between
fracturing, fluid flow, metasomatism, crustal
weakening, and the development of the MSD. The
release and channeling of crust-derived fluids
appears to be a mechanism for the localization and
long-lasting operation of the MSD. Our conclusion
is that fluid-assisted metasomatic changes in the
MSD are instrumental in creating and maintaining
the MSD as a crustal-scale weak extensional
detachment fault. The changes are sufficiently large
to turn an initially strong and brittle mafic protolith
into ductile mylonites capable of sustaining plastic
flow at low differential stresses. Episodic high fluid
pressures, another characteristic of the MSD, allow
for repeated mechanism switches of brittle and
plastic deformation and help to sustain the hydro-
thermal discharge of deep crustal fluids until the
present-day. This behavior also explains why the
MSD is capable of producing earthquakes [Abers
et al., 1997], despite its general structural defini-
tion as a ductile shear zone in earthquake relevant
depths. From the quantification of the metasomatic
changes, the estimated minimum time integrated
fluid flux is at least 3 105 m3 m2. This means that
the MSD is an important crustal fluid conduit,
operating over a million year timescale until today.
The substantial Si and Ca gains as well as conclu-
sive Sr and Nd isotope data provide clear arguments
for upward fluid flow from a deeper crustal source,
driving metasomatic change during deformation.
There is some volume gain related to brittle defor-
mation and cataclasis, but the more significant
changes and volume gains are clearly related to the
process of ductile mylonite generation.
[47] Fundamental syntectonic mineralogical chan-
ges from the mafic protolith lead to fault zone
weakening. For one, this is the formation of phyl-
losilicates from pyroxene and plagioclase during
brittle shearing, but it is metasomatic introduction
of large amounts of quartz and calcite that helps
create the ductile mylonites and stabilize the MSD
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as a detachment zone. This process leads to large-
scale strain concentration, may be the key factor in
localizing crustal attenuation and later crustal
break-up, and may be a general process active in
passive continental margin formation.
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